erties of gemini in 1 1 type surfactants, especially in the case of gemini amphiphiles with short spacer chain.
Previously 8 , the pressure-area π-A isotherms of a series of the ester type symmetrical tartaric gemini amphiphiles with two hydrophobic groups located on two adjacent carbons were measured at various subphase temperatures T sub to elucidate the effects of the length of hydrophobic alkanoyl chains on the π-A isotherms. Also, the melting temperature T L of monolayers on the water surface 9 was evaluated using the T sub dependence of monolayer static elasticity, ε s 10 . Interestingly, a clear relationship between
T L and hydrophobic carbon number n was observed for monolayers of tartaric gemini on the water surface as well as fatty acids. We noticed the slope of the relationship T L / n as a measure of the interaction between hydrophobic alkyl groups. Indeed, the slopes of relationships T L /n for monolayers of tartaric gemini and fatty acids were 10.0 and 9.7 /carbon number , respectively. It was concluded that the strength of Int intra in tartaric gemini monolayer would not be much different from that of Int inter in fatty acids and gemini because the intramolecular distance of two alkyl groups in tartaric gemini is almost the same as the intermolecular distance between adjacent molecules. In this work, in order to evaluate the effects of asymmetry in two alkanoyl chain lengths on the formation of monolayers, we prepared a variety of asymmetrical O-alkanoyl-O -alkanoyl tartaric acids abbreviated as C m -C n while keeping the total carbon numbers of hydrophobic tails constant m n 28 , and we measured their π-A isotherms using the conventional film-balance technique. In addition, T L of symmetrical and asymmetrical geminis, and the mixture of two symmetrical geminis were studied.
EXPERIMENTAL PROCEDURES

Materials and Apparatus
Dibenzyl tartrate 1 was prepared from l-tartaric acid, benzyl alcohol, and anhydrous p-toluenesulfonic acid by using a literature procedure 11 with some modification. All reagents and solvents were purchased from Wako Pure Chemical Industries. THF and DMF were dried over Na/ benzophenone and CaH 2 , respectively, and were distilled just before use. Other reagents were used as received. Distilled water was ultra-filtrated using Advantec pure water system RFU354BA before use. Infrared spectra were recorded on a Thermo Nicolet Avatar 370 DTGS FTIR spectrometer, and 1 H-NMR spectra were recorded on a Bruker AC-300 spectrometer using CDCl 3 as solvent unless stated. Mass spectra were obtained using a JEOL MStation JMS-700 mass spectrometer. The following is a typical synthesis process for dibenzyl l-O-tridecanoyl-O -pentadecanoyl tartrate 3a. To a solution of 2a 3.20 g, 5 mmol and 4-dimethylaminopyridine DMAP, 0.72 g, 6 mmol in 200 mL 1,2-dichloroethane, tridecanoyl chloride 1.39 g, 6 mmol in 100 mL THF was slowly added dropwise over 2 h while maintaining the temperature in an ice bath. After stirring for 1 h at room temperature, ether was added to the reaction mixture and the resulting white precipitate was filtered off. The filtrate was concentrated under reduced pressure. The crude residue was subjected to silica column chromatography, eluted with hexane-AcOEt 10:1 , and recrystallized from hexane to afford dibenzyl l-O-tridecanoyl-O -pentadecanoyl tartrate 3a as a colorless solid 1.40 g . Other l-O-alkanoyl-O -alkanoyl tartaric acid dibenzyl esters, 3b-3f, were also prepared similarly, and were purified by further recrystallization from hexane. 
Synthesis of Asymmetric
A representative procedure is described for synthesizing l-O-tridecanoyl-O -pentadecanoyl tartaric acid 4a. Pd OH 2 0.01 g was added to 25 mL of a THF solution containing 3a 1.50 g, 2.0 mmol in a pressure-resistant container, and subjected to hydrogenation at 5 atm at room temperature for 2 d. After filtration of Pd OH 2 , the filtrate was concentrated and the crude residue was subjected to recrystallization with MeOH to afford l-O-tridecanoyl-Opentadecanoyl tartaric acid 4a 0.68 g, yield 60
. Other Surface pressure, π, was recorded using the Wilhelmy plate technique during all isotherm measurements. A completely wetted piece of filter paper was used as the Wilhelmy plate. The temperature of the subphase, T sub , indicates the temperature at the water surface measured by surface-non-contact thermometer IT-504E, AzOne . T sub varied in the temperature range of 7.3 to 46.1 with an accuracy of 2 , and it was maintained by circulating temperature-controlled water through the aluminum base of the trough. The compression rate for the isotherm studies was 6 cm 2 min 1 , which corresponds to 0.05 nm 2 min 1 monomer 1 .
Determination of Melting Temperature of Monolayer
Based on previous work, the following equation 10, 12 was used to calculate the static elasticity of monolayer, ε s , from the π-A isotherm obtained at various T sub .
In the plot of ε s -A isotherm, the maximum ε s appeared at A 0.35 nm 2 , which corresponds to the collapsing point, and this was defined as ε s max . The ε s max values of the monolayer were plotted against T sub . Based on a linear relationship between ε s max and T sub , and by extrapolating the line to ε s max 0, the melting temperature of the monolayer, T L , was determined.
RESULTS AND DISCUSSION
A number of reports have shown that micellization of cationic gemini surfactants with the general structure C m H 2m 1 CH 3 2 N-CH 2 S -N CH 3 2 C n H 2n 1 Br 2 abbreviated as C m C S C n Br 2 is strongly dependent on the lengths of both hydrophobic alkyl chains and spacer chain, and also on the asymmetry in the hydrophobic chains. As an example of the view point of asymmetry in hydrophobic chains, Bai et al. measured the dilution enthalpies of C m C 6 C n Br 2 with m n 24 and -CH 2 6 -spacer, and concluded that a large interaction energy is associated with the addition of a CH 2 to the long alkyl chain than that to the short alkyl chain 13 . According to Zana, however, the distance between two headgroups of C m C 6 C n Br 2 would be comparable to that between two similar monomer units. In other words, the -CH 2 6 -spacer chain would keep the two hydrophobic headgroups sufficiently apart 14 . Thus, it should be beneficial to investigate the effects of asymmetry in geminis with short spacer, on the exertion of hydrophobic interactions. Therefore, we prepared a variety of asymmetrical O-alkanoyl-O -alkanoyl tartaric acids abbreviated as C m -C n by keeping the total carbon numbers of hydrophobic tails constant m n 28 .
Synthesis of L-O-Alkanoyl-O -alkanoyl tartaric acid
As shown in Scheme 1, dibenzyl l-tartrate 1 was successfully mono-esterified to 2 in a homogenous system of THF/DMF 1:11 . However, the yields were not high. In this step, the use of DMF as polar solvent was sufficiently effective to break strong hydrogen bonds in tartaric framework to attain mono-esterification. The resulting mono-esters 2 were further esterified with another acid chloride and treated with Pd OH 2 -H 2 system to obtain l-O-alkanoyl-O -alkanoyl tartaric acids 4a-k as listed in Table 1 it collapsed to the liquid-expanded phase. Therefore, in this study, 2C 14 was selected as a standard symmetrical tartaric gemini, and a variety of asymmetrical C m -C n geminis were prepared by keeping the total carbon numbers of hydrophobic tails constant m n 28 . In addition, we considered the ratio n/m to be the degree of asymmetry of gemini. Figure 1 shows the π-A isotherms at 25.2 for the asymmetrical C m -C n m n 28, m 8, 9, 10, 11, 12 and 13 and 2C 14 . Unlike the results of symmetrical tartaric geminis, clear monolayer formations were observed for all asymmetrical tartaric ones. Interestingly, the π-A isotherms were classified into the following two groups:
Group 1: When the asymmetry was small n/m 1.55 , a phase transition of the monolayer from the liquid-expanded to the liquid-condensed state and a subsequent transition to solid phases was observed on the isotherm upon compression. In particular, C 12 -C 16 showed the clear transition of liquid phase to solid phase at around A 0.35 nm 2 .
Group 2: When the asymmetry was large n/m 1.8 , the curves lifted off once from the base line at A 1.10 nm 2 .
However, at A 0.5 nm 2 , the surface pressure π became constant at 40-45 mN m 1 . It then formed a plateau for a wide compression range, and only liquid-expanded state of the monolayer film was observed. However, with continuing compression up to A 0.1 nm 2 , π increased again and a second formation of solid film at A 0.2 nm 2 was observed. Group 2 may be explained as follows by taking into consideration the value of usual molecule-occupied area of long alkyl acid. Geminis having large asymmetry would form liquid films due to small hydrophobic intramolecular interaction, and upon compression, the shorter alkyl chain would get beneath the water surface with only the longer alkyl chain aligned on the water surface to afford a solid film similar to that of fatty acid. This is also consistent with the fact that 2C 6 , 2C 8 and 2C 10 did not afford π-A isotherms at this temperature due to the solubility in water.
Three parameters, the lift-off area A L , the molecular occupation area value on the isotherm where a monolayer shows detectable resistance to compression , the limiting area A , a parameter approximating the area occupied by the molecule on the surface at zero pressure , and the maximum pressure of the isotherm π M , which is expected to be very close to the collapse pressure π C where monolayers transfer to 3D states upon compression for C m -C n at 25. 2 , were determined from Fig. 1 and are summarized in Table 1 . would be a reasonable assumption that the characteristics of COOH-type gemini surfactants can be maintained for small asymmetry in two hydrophobes, but not for a large asymmetry.
Effect of
Temperature on π-A Isotherms of Asymmetrical Gemini As described in the previous section, C 13 -C 15 was found to form a clear solid phase upon compression at 12.3 . To discuss the effect of the temperature on π-A isotherms of asymmetric geminis, π-A measurements were carried out at various temperatures T sub 7.3 -42. 2 . Figure 2 shows the π-A isotherms for a series of C m -C n at various temperatures.
In our previous work 8 , the temperature dependency of monolayer behavior of symmetrical tartaric geminis 2C 13 -2C 17 was clarified by the π-A measurements at various T sub . For 2C 14 monolayer, the transition of liquid phase to solid phase was observed even at 37.6 , which then collapsed at 46.1 to the liquid-expanded phase. As shown in Fig. 2 , C 13 -C 15 exhibited only liquid phase above T sub 33.1 , but the transition of liquid phase to solid phase was observed below 25.2 and at around A 0.38 nm 2 . In the case of C 12 -C 16 , both the transition region and the liquid-expanded phase were clearly observed at all measurement temperatures. In the case of C 11 -C 17 , both the transition region and the liquid phase were observed above T sub 28.7 , but the transition of liquid-expanded phase to liquid-condensed phase disappeared below that T sub . It is interesting to note that with changing T sub , the asymmetrical C 12 -C 16 and C 11 -C 17 showed variations in π-A isotherms that were roughly similar to those of 2C 16 and 2C 17 see literature 8 ,
respectively. In the cases of Group 2, the liquid-expanded phase and plateau regions were observed for all even at T sub 7.3 . It is interesting that with a decrease in T sub , a second formation of solid phase became clear and the limiting area of solid phase decreased. For C 8 -C 20 , A 0.41 nm 2 was obtained at T sub 7.3 .
Melting Temperature of Monolayer T L of Asymmetrical Gemini
We also studied the temperature dependence of monolayer elasticity, ε s , based on π-A isotherms of C 13 -C 15 and C 12 -C 16 . In the plots of ε s against A for C 13 -C 15 below T sub 28.7 , there were two maximums at A 0.60 nm 2 and 0.36 nm 2 , which were assigned to the liquid-expanded phase and the solid phase, respectively. Similar to the previous work, the second maximum at A 0.36 nm 2 was defined as ε s max , and the values of ε s max were plotted against T sub as shown in Fig. 3 . As expected, there was a linear relationship between ε s max and T sub , and by extrapolating the line to ε s max 0, T L of C 13 -C 15 monolayer was estimated to be 31.7 , which was in good agreement with the result of π-A isotherm in Fig. 2 a . Similarly, with respect to C 12 -C 16 , T L of C 12 -C 16 monolayer was estimated to be 50.6 as shown in Fig. 3 , where the data at T sub 20.7-42.2 were employed because the formation of liquid-expanded phase was not clear at T sub 12.3 and 16.4 .
Mixed Monolayer of Symmetrical Geminis
From a standpoint of structure, asymmetrical C 13 -C 15 might be viewed as an equivalent mixture of 2C 13 and 2C 15 , and we also measured the π-A isotherms of an equivalent mixture of 2C 13 and 2C 15 . Results obtained at T sub 25.2 are shown in Fig. 4 together with those for C 13 -C 15 . Interestingly, monolayer formation behaviors of asymmetrical C 13 -C 15 and of an equimolar mixture of 2C 13 and 2C 15 were quite comparable, which would suggest that small perturbations in asymmetry of two hydrophobic groups of gemini might be simulated by changing the mixing ratios of 2C 13 and 2C 15 . Therefore, π-A isotherms of mixtures of 2C 13 and 2C 15 at various molar ratios were measured at various temperatures to study the effects of mixing ratio on their monolayer formation and melting temperatures of monolayer T L . Figures 5 a -c show the representative results obtained at T sub 12.3, 25.2, and 46.1 , respectively.
As shown in Fig. 5 b , at T sub 25.2 , with an increase in the molar fraction of 2C 15 X 2C15 , π-A curves varied continuously from that of 2C 13 to 2C 15 , and it was found that the monolayer mixture of 2C 13 and 2C 15 at X 2C15 0.3 was almost in the liquid state. This means that the melting temperature of the monolayer mixture of 2C 13 and 2C 15 at X 2C15 0.3 would be around 25 . For further discussion, the temperature dependence of monolayer mixture of 2C 13 and 2C 15 was studied based on π-A isotherms, and their T L values were determined.
3.6 Melting Temperature of Mixed Monolayers of Symmetrical Geminis As a preliminary step, the melting points T m of 2C 14 , C 13 -C 15 and solid mixtures of 2C 13 and 2C 15 at various molar fractions X 2C15 were determined using the DSC technique the successive DSC curves were in close agreement. The observed melting points were plotted against the molar fractions of 2C 15 X 2C15 in the mixture Fig. 7 . As shown in Fig. 7 , it was clarified that a mixture of 2C 13 and 2C 15 is a simple eutectic system, and the eutectic temperature and composition are 63.3 and X 2C15 0.35, respectively. For such a eutectic system, the following Le Châtelier-Schröder equation has been widely used to determine the dependency of equilibrium temperature between pure solid and liquid mixture on molar fraction 15 ,
where X A is the molar fraction of a component A having an enthalpy of fusion ΔH A and a melting point T A in a mixture with a melting point T. Using the data obtained in the range of X 2C15 0.35, enthalpies of fusion ΔH 2C15 was determined to be 25 kJ/mol. Furthermore, while the melting point of 2C 14 84 was quite higher than that of an equimolar mixture of 2C 13 and 2C 15 , asymmetrical C 13 -C 15 gave almost same melting point 65 as that of an equimolar mixture, which also support that the monolayer formation behaviors of asymmetrical C 13 -C 15 and an equivalent mixture of 2C 13 and 2C 15 might be quite comparable.
Next, the melting temperatures of mixed monolayers T L of symmetrical 2C 13 and 2C 15 at various molar ratios were determined in a similar way. Results are shown in Fig.  7 together with those of 2C 14 and C 13 -C 15 monolayers. As expected, all melting temperatures from monolayer of 2C 14 , C 13 -C 15 and an equimolar mixture of 2C 13 and 2C 15 were practically the same. However, it was surprising that the variation of T L with X 2C15 was remarkably different from that of T m with X 2C15 . The variation of T L with X 2C15 could be classified into three regions, namely, X 2C15 0.0-0.35 Region I , 0.35-0.6 Region II , and 0.6-1.0 Region III . In Region I, T L was kept almost constant, which would mean that the mixed monolayer is not a eutectic system and does not follow the Le Châtelier-Schröder equation. Considering that the monolayer exists only in the liquid state on compression at this T L , 2C 15 would dissolve into the liquid-state monolayer of 2C 13 , and will form no eutectic system. In contrast, the Le Châtelier-Schröder equation could hold in Region III X 2C15 0.6 and enthalpy of fusion of 2C 15 monolayer Δ H 2C15 was determined to be 21 kJ/mol. It is interesting to note that the values of Δ H 2C15 and Δ H 2C15 were similar. Therefore, it can be concluded that a eutectic system of 2C 13 and 2C 15 was formed even at the gas-state film in this Region III. With respect to Region II, T L increased remarkably from 27 X 2C15 0.35 to 46.5 X 2C15 0.6 , but the Le Châtelier-Schröder equation did not hold, which would indicate that transition process from a dissolving system Region I to a eutectic system Region III is proceeding in this region. At present, we speculate that Region II might be consisting of two films, namely, a liquid film controlled by 2C 13 and a solid film controlled by 2C 15 , to facilitate variations of interaction between hydrophobic groups corresponding to the molar ratios of 2C 13 and 2C 15 . As this Region II consists of an equimolar mixture of 2C 13 and 2C 15 , contrary to our expectation, this equimolar mixture would not be an ideal system. Therefore, it might be premature to consider that asymmetrical geminis would be characterized as an equimolar mixture of two symmetrical geminis. Further investigations are necessary.
CONCLUSION
The effect of structural factors such as the length of hydrophobic chains, headgroups, spacers, and counterions on the surface properties of gemini amphiphiles has been a major subject of investigations. In this work, with a focus to study the effects of asymmetry in geminis on the exertion of hydrophobic interactions, we prepared the estertype asymmetrical tartaric gemini amphiphiles C m -C n , m, n: number of carbon atoms of hydrophobic alkanoyl group, m n 28 bearing two different alkanoyl groups.
From the pressure-area π-A measurements of a series of asymmetrical tartaric gemini amphiphiles C 8 -C 20 -C 13 -C 15 , the π-A isotherms of asymmetrical C m -C n monolayers were classified into two groups. In Group 1, with small asymmetry n/m 1.55 , phase transitions of monolayer from the liquid-expanded to the liquid-condensed state and to solid phases were observed, but in Group 2, with large asymmetry n/m 1.8 , only liquid-expanded state of the monolayer film was observed. Based on the dependence of monolayer static elasticity, ε s , on the subphase temperature T sub , the melting temperature T L of asymmetrical C m -C n monolayer was successfully estimated to be T L 31.7 for C 13 -C 15 , which was very close to that of symmetrical 2C 14 .
Assuming that asymmetrical C 13 -C 15 has an equimolar mixture of symmetrical 2C 13 and 2C 15 , both T m of 2C 14 , C 13 -C 15 and solid mixtures of 2C 13 and 2C 15 at various molar fractions X 2C15 , and T L values of 2C 14 , C 13 -C 15 and monolayer mixtures of 2C 13 and 2C 15 at various X 2C15 were determined. In the case of T m , solid mixtures of 2C 13 and 2C 15 were found to form a eutectic system. On the other hand, all T L values of 2C 14 , C 13 -C 15 , and an equimolar mixture of 2C 13 and 2C 15 were almost the same, but the variation of T L with X 2C15 was remarkably different from that of solid melting point T m with X 2C15 . In conclusion, it might be premature to regard that asymmetrical geminis would be same as an equimolar mixture of two symmetrical geminis.
